Objectives: To determine the validity and reliability of the peak frontal plane knee angle evaluated by a virtual reality (VR) netball game when landing from a drop vertical jump. Study Design: Laboratory. Methods: Forty participants performed 3 drop vertical jumps evaluated by 3-dimensional motion analysis and 3 drop vertical jumps evaluated by the VR game. Limits of agreement for the peak projected frontal plane knee angle and peak knee abduction were determined. Participants were given a consensus category of "above threshold" or "below threshold" based on a prespecified threshold angle of 9°during landing. Classification agreement was determined using kappa coefficient, and accuracy was determined using specificity and sensitivity. Ten participants returned 1 week later to determine intrarater reliability, standard error of the measure, and typical error. Results: The mean difference in detected frontal plane knee angle was 3.39°(95% confidence interval [CI], 1.03°to 5.74°). Limits of agreement were −10.27°(95% CI, −14.36°to −6.19°) to 17.05°(95% CI, 12.97°to 21.14°). Substantial agreement, specificity, and sensitivity were observed for the threshold classification (κ = .66; 95% CI, .42 to .88; specificity = 0.96; 95% CI, 0.78 to 1.0; and sensitivity = 0.75; 95% CI, 0.43 to 0.95). The game exhibited acceptable reliability over time (intraclass correlation coefficient, ICC 3,1 = .844), and error was approximately 2°. Conclusion: The VR game reliably evaluated a projected frontal plane knee angle. Although the knee angle detected by the VR game is strongly related to peak knee abduction, the accuracy of detecting the exact angle was limited. A threshold approach may be a more accurate approach for gaming technology to evaluate frontal plane knee angles when landing from a jump.
In court sports, the specific action that results in the highest incidence of anterior cruciate ligament (ACL) injury is landing from a jump while exhibiting dynamic knee valgus. 1, 2 This movement, typified by rapid excessive knee abduction, is exhibited more frequently and to higher magnitudes in females than in males. 3 It is, therefore, not surprising that female adolescent athletes are 4 to 6 times more likely to suffer an ACL injury than their male counterparts. 4 Because of high injury risk, it is important that female-dominated sports have efficacious, well-implemented prevention strategies. When injury prevention programs that target lower-limb neuromuscular coordination are implemented optimally, the odds of noncontact ACL injuries can be reduced by 70%. 5 However, poor implementation has resulted in a lack of widespread reduction in ACL injuries. 6, 7 This is particularly the case for netball, a court sport played by over 70 countries, with the highest rate of female participation for multiple commonwealth countries. 8, 9 The risk of serious knee injury is 3.3 times higher in netball than basketball, 10 with >1000 netball-related ACL reconstructions occurring each year (188/100,000 participants). 11 The lack of timely and accurate feedback potentially contributes to the poor implementation of these programs. Multiple studies support the importance of providing timely feedback during neuromuscular training programs, 12, 13 as it may enhance motor skill development and improve joint position sense. 13 Recent developments in gaming technology have facilitated the use of real-time joint kinematic tracking as a feedback tool. Such feedback has resulted in both immediate 14 and short-term improvements in knee position during jump landing. 15 A potential limitation is that these studies used internally focused feedback, that is, participants focused on their knee position. Benjaminse et al 13 argue that this method of feedback may interfere with the natural coordination of the movement and automaticity of the skill. Virtual reality (VR) may be provide a solution to this issue by offering individuals the chance to intensively train meaningful tasks with externally focused feedback, within relatively realistic 3-dimensional (3D) environments. 13, 16 In the rehabilitation settings, VR results in high degrees of motivation and involvement. 17, 18 Although still confined to laboratory settings, innovation in portable VR headset technology is making it possible for VR to be considered as a supplement for current on-field programs. However, the ability of VR gaming technology to evaluate and provide accurate feedback on frontal plane knee position must first be established. The objectives of this study were (1) to evaluate the validity of a VR game in evaluating the projected frontal plane knee angle when landing from a jump and (2) to assess the reliability of this evaluation over time.
Methods
A cross-sectional laboratory study was used to determine the validity of a custom-built VR game in evaluating and providing feedback of the frontal plane knee angle during 3 drop vertical jumps (DVJs). Reliability was assessed by inviting a subsample (10 participants) to return 1 week later and repeat the protocol. Due to interference of the infrared cameras with the game sensor, the DVJs could not be assessed by the VR game and 3D motion analysis concurrently. To avoid potential learning effects, the order of testing was fixed such that 3 DVJs were assessed first by the 3D motion analysis and then repeated with the game. All participants were instructed to jump off a 30-cm high box and immediately perform a maximum vertical jump landing on both feet. During the jump, they were instructed to raise their arms as though they were jumping to shoot a ball. Up to 5 practice trials were granted prior to 3D motion analysis.
A convenience sample of 40 healthy individuals (61% female, age: 23.46 [2.29] y; height: 172.7 [9.9] cm; and weight: 66.87 [12.8] kg) was recruited. Participants were excluded if they had a history of knee ligament injury, patellofemoral pain, or known motion sickness when experiencing VR. Ethics approval for the study was granted through Macquarie University Human Research Ethics Committee (HREC #5201500774), and all participants provided written informed consent.
A 3D netball court was designed using VR software (Vizard Virtual Reality Engine; Worldviz, Santa Barbara, CA) and displayed on a 240°cylindrical panoramic projection system that was 8 m in diameter ( Figure 1 ). A KINECT sensor (Microsoft, Redmond, WA), sampling at 30 Hz, was positioned 2 m in front of where participants landed from the DVJ. Embedded KINECT software algorithms calculated a 3D volume of each participant based on a fusion of the horizontal and vertical axes overlaid with a depth of field tracking of each pixel. This skeleton was transferred to the gaming software, which bound the skeleton to an avatar. A customized algorithm was written and applied to the shank and thigh vectors of participants' avatars. The bisection of these vectors was used to calculate the projected frontal plane knee angle. 19 A static calibration was utilized to determine the "0" value for each participant.
Kinematic data were collected using an 8-camera motion capture system (VICON, Oxford, UK) collecting at 100 Hz. Sixteen retroreflective markers, 14 mm in diameter, were placed on both lower limbs according to the Plug-In-Gait model (Oxford Metrics, Oxford, UK). Knee angles were calculated from the XYZ cardan angles derived from the relative orientation of the femur and tibial segments. 20 These were referenced to a static calibration trial. Low-frequency movement artifact was removed from marker trajectories using a generalized cross-validatory spline filter. 21 Peak negative frontal plane angle was extracted for further analysis.
When playing the game, participants were instructed to shoot a "ball" toward a virtual hoop. Although instructed to ignore the feedback, if participants landed with the peak negative projected frontal plane angle of their left knee below (more positive) a predefined threshold of −9°, 22,23 the game would provide positive feedback. That is, the virtual ball would enter the hoop, and the player would score a goal. Landing with a knee angle exceeding (more negative) the threshold resulted in the ball missing the hoop.
The mean peak abduction angle from the 3 DVJs from both the VR game and 3D motion analysis was used to assess the 95% limits of agreement and heteroscedasticity of the data. Consensus categories, defined as "below threshold" (average of jumps under threshold values) and "above threshold" (average of jumps exceeded threshold values), were then applied to participants. The kappa (κ) coefficient was utilized to determine agreement between systems. Coefficients were interpreted as slight (0.0-0.2), fair (0.21-0.4), moderate (0.41-0.6), substantial (0.61-0.8), and almost perfect (0.81-1.0). 24 A 2 × 2 contingency table was used to quantify using specificity, sensitivity, positive likelihood ratio, and number needed to diagnose.
Reliability examined using the intraclass correlation coefficient (ICC 3,1 ) based on the average of 3 jumps at each VR-game session. 25 As the game provides pass/fail feedback, a correlation coefficient of .81 was set as the smallest threshold for acceptable retest reliability. 26 Typical error and standard error of the mean were also calculated using RStudio (version 0.99.903; RStudio Inc, Boston, MA).
Results
Because of marker placement error, data from 4 participants were excluded. Raw values were inspected visually to determine if there was a systematic reduction in negative peak frontal plane angle when participants played the VR game compared with 3D motion analysis, which would indicate a learning effect (Figure 2 ). Based on this observation, no evidence of a systematic learning effect was present.
The lower limit (−10.27°; 95% confidence interval [CI], −14.36°to −6.19°) and upper limit (17.05°; 95% CI, 12.97°to 21.14°) of the 95% limits of agreement contained 94.4% (34/36) of the difference scores. The mean difference, or bias, between the 3D motion analysis and VR game was 3.39°(95% CI, 1.03°to 5.74°; Figure 3 ).
There was substantial agreement (κ = .66; 95% CI, .42 to .88) between the 2 systems and high sensitivity (0.75; 95% CI, 0.43 to 0.95) and specificity (0.96; 95% CI, 0.78 to 1.0). The number needed to diagnose was 1.42 (95% CI, 1.06 to 4.79).
The VR game exhibited acceptable reliability over the 1-week retest period (ICC 3,1 = .844). The typical error between participants was 2.22°, and SEM within participants was 2.36°.
Discussion
A VR game reliably measured the peak negative projected frontal plane knee angle when landing from a DVJ. There was substantial agreement between the 3D motion analysis system and VR game when a threshold of −9°was used. However, the VR game systematically reported larger knee angles than the motion analysis system, and the wide 95% limits of agreement indicate that the game had limited accuracy detecting the exact angle of peak knee abduction. Using threshold categories resulted in high sensitivity and specificity.
This limited accuracy is likely due to 2 issues. First, the motion analysis and VR game assessed consecutive and not simultaneous DVJs. Small variations between close-to-threshold jumps would influence the categorical analysis of validity, but do not explain the wide CIs of the 95% limits of agreement. This difference is likely explained by the fact that the systems are measuring different things. Although the projected frontal plane knee angle predominantly consists of knee abduction, it is also influenced by knee flexion and hip internal rotation. 27 Two-dimensional motion sensors will be limited when measuring this triplanar movement. Thus, consistent with previous literature, 27,28 the findings from our study indicate that the VR feedback game is sensitive to differences in angles on a continuous scale. A threshold approach may be a more feasible and valid approach for gaming technology to employ for evaluating joint position.
The important question arising from this finding is what threshold is most appropriate. The 9°threshold utilized in the present study was based on evaluations of knee abduction angles, and not a projected frontal plane angle. Although an excessive projected frontal plane knee angle is a major risk factor for ACL injuries in netball, 2 handball, 29 and basketball, 30 the empirical values of this angle that are associated with ACL injury range from −20°to −5°. 31 McLean et al 32 suggests that 2-dimensional motion analysis consistently measures knee frontal plane angles as more negative than when measured using a 3D motion analysis (ie, more abduction). This positive bias, which was also present in our study, suggests that the threshold for projected frontal plane knee angles may need to be lower (ie, more negative) than peak knee abduction angles.
There is significant potential for VR games to become a tool for providing feedback on knee position during jump landing, particularly with recent innovations in portable technology. Live digital representation of participants' body segments results in immediate improvements in knee kinematics 14, 33 that are maintained even once feedback is withdrawn. 15 This is more promising than visual observation techniques, which have been found to have little impact on injury prevention program efficacy or rates of implementation. 5 Although the current study is a preliminary investigation of the validity of the VR game in providing feedback, it suggests that further investigation is warranted into whether externally-based feedback reduces knee injury rates or improving implementation of neuromotor warm-up programs. Furthermore, this study was confined to the laboratory, and future studies exploring portable options that could provide feedback where the athlete is competing could be of greater benefit.
A limitation to this brief report is that we were unable to assess DVJs using both evaluation methods concurrently. The variability exhibited by participants when performing DVJs between the motion analysis and VR game would have influenced the accuracy of the game. However, it provided further support that a threshold cutoff, rather than a continuous scale, was less susceptible to this intraindividual variation between jumps. A further limitation was the inclusion of males in our sample. The valgus collapse mechanism associated with ACL injuries is more likely to be exhibited by females. 3, 22 However, the inclusion of males did not affect our ability to answer our research question and does make results more generalizable to multisex sports.
The novel biofeedback employed in the current study could identify two-thirds of individuals with peak projected frontal plane knee angle >9°during landing. Improvements in technology and wearable sensors will potentially not only make concurrent testing possible, but will also improve the accuracy of detecting frontal plane movements.
